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Introduction
It is well known that energy storage is a key enabling technology to achieve targeted future scenarios for renewable energy generation [1, 2] . Whilst electrical-storage technologies remain a focus, thermal-energy storage (TES) technologies are important to match the availability of thermal energy with the demand for either direct heating, power generation or cooling [3, 4] . Most developments in TES technologies can be linked to solar-thermal applications [5] , such as domestic solar-thermal heating systems [6] , and concentrated-solar power (CSP) plants [7] . The simplest of these systems, such as a domestic solar-thermal heating system, simply stores thermal energy in a hot-water tank, whilst largescale CSP plants implement molten salts. However, TES power generation systems could have wider importance in any application where variable and/or intermittent heat sources are used to generate power. This includes a range of current and future power gen- [15] . However, one issue surrounding WHR is that many waste-heat sources are variable and intermittent in nature, varying in temperature, mass-flow rate and even composition of the fluid carrying the waste heat as a result of the production process. In this case, different strategies to mitigate the variability in the heat-recovery process exist, including: (i) sizing the power generation unit for a baseline thermal input that is less than the peak thermal power available; (ii) implementing a complex control strategy to control the power generation unit in line with the fluctuating heat source; and (iii) coupling the power generation unit to TES. The first option is incapable of fully exploiting all of the heat available, whilst option two would maximise energy production but would be associated with higher costs since it should be sized for the peak thermal power and would require a complex control strategy. Moreover, option two only provides power when heat is available as opposed to when required. Hence, the implementation of TES, which should allow a relatively high recovery of waste heat, whilst providing stable operating conditions for the power generation unit or the possibility of producing power on demand, represents a promising option.
To date there have been a few studies investigating coupled ORC and TES systems for solar power applications. Freeman et al. [16] compared sensible-heat storage and phase-change materials (PCM) for a domestic-scale combined heat and power system, and found that PCMs could increase energy production per unit volume of storage by up to 20%, whilst Rodríguez et al. [17] conducted a techno-economic assessment of a 1 MW CSP-ORC system operating with TES. In terms of WHR applications, Miró et al. [18] reviewed case studies in which TES has been applied, but do not focus explicitly on power generation. Bufi et al. [19] conducted a multi-objective optimisation of an ORC-TES system for WHR from an externally-fired gas turbine. The aim was to identify optimal cycles that represent the trade-off between thermal efficiency and heat-exchanger requirements. Lecompte et al. [20] studied WHR from an electric arc furnace, using an intermediate steam buffer or thermal oil loop to mitigate heat-source variability. Pantaleo et al. [21] compared an ORC-TES system to a micro-gas turbine for WHR within the coffee industry, and used a lumped-mass model to determine the optimal volume of a sensible-heat TES system. Dal Magro et al. [22] investigated retrofitting a PCM to an existing ORC system within the steel industry. The results suggest that the introduction of PCM could increase the capacity factor of the ORC system by between 38% and 52%, and the authors note the ability of the PCM to smooth the thermal inputs into the ORC. Finally, Jiménez-Arreola et al. [23] note the current lack of literature in the area of TES systems for WHR and attempt to provide an overview of the challenges. The authors stated that latent-heat TES system can provide a near constant thermal input into an ORC, thereby reducing off-design conditions, but have drawbacks such as increased exergy destruction due to the additional heat-transfer processes, and additional costs associated with increased complexity.
From these previous studies, latent-heat TES systems appear to have the potential to improve the performance of WHR power generation systems that utilise intermittent and variable heat streams. However, unlike solar applications, the optimal temperature of a latent-heat TES system for WHR is not clear. In solar applications, where the heat-transfer loop between the heat source and the TES material is a closed loop, it is advantageous to maintain the TES material at a temperature that is close to the heat-source temperature to maximise cycle thermal efficiency. However, in WHR applications the heat-source is available as an open stream [24] , which means the melting temperature of the TES material has a direct effect on the amount of heat that can be recovered, as shown qualitatively in Fig. 1 . If the TES temperature, T tes , is low ( Fig. 1 a) , the TES extracts a large amount of heat from the heat source, ˙ Q h . However, the low temperature difference between the TES and heat sink result in a low heat engine thermal efficiency, η ( i.e., η∝ T tes / T c ). On the other hand, if the TES temperature is high ( Fig. 1 b) , the heat extracted from the waste-heat stream is low, whilst the thermal efficiency is high. Therefore, since the power production is equal to the product of these two parameters ( i.e. , ˙ W = η˙ Q h ), an optimal value for T tes must exist. It is worth noting that cascaded latent-heat TES systems, in which the TES system is comprised of multiple TES materials each with a different melting temperature, can improve the performance of latent-heat TES systems [25] . In this case it is necessary to optimise the temperature of each TES stage, as demonstrated in Ref [26] . However, these studies have predominantly focussed on solar applications. In summary, existing studies concerning TES for WHR recovery have not investigated the trade-off depicted in Fig. 1 in detail, and only consider a single case study, and hence cannot be widely extrapolated to other applications. Hence, the objective of this paper is to conduct a systematic investigation of WHR power generation units, coupled to TES, to identify the optimal characteristics of the Fig. 1 . Effect of the latent-heat storage temperature T tes on the amount of heat extracted from the heat source ˙ Q h and the efficiency of the heat engine η. Red, black, magenta and blue lines correspond to the heat source, TES, ORC, and heat sink respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) system, namely the optimal TES temperature. This is achieved by developing a novel model of the system that can quickly assess its performance for a particular heat source and heat sink. This facilitates a systematic investigation into the effect of the variability of the heat-source profile, the average heat-source temperature and the heat sink availability on the performance of the system to be completed. Thus, it is possible to define general design guidelines for these systems the can aid in the future development of these systems. Following this introduction, a description of the developed model is provided in Section 2 . Then, in Section 3 , this model is applied to two representative heat sources defined intentionally for this study, in addition to real waste-heat profiles taken from the literature. The conclusions from this study are summarised in Section 4 .
Model of the system

Heat-engine model for a sensible-heat source
For this study, a model to predict the maximum power that can be produced from a defined heat source and heat sink is sought. This should predict the expected performance based on these inputs, without requiring more details on the heat engine, such as the cycle architecture, working fluid and cycle operating conditions. For this purpose finite-time thermodynamics can be applied. Within a Carnot heat engine the working fluid is at thermal equilibrium with the heat source and heat sink reservoirs, which implies infinitely long heat exchange processes that cannot be achieved in practice. In comparison, finite-time thermodynamics assumes that heat exchange processes are finite, which leads to an expression for the thermal efficiency that corresponds to the maximum work output from the cycle. This expression, referred to as the Novikov [27] or Curzon-Ahlborn [28] efficiency, is defined as:
where T c and T h are the heat-sink and heat-source temperatures respectively, which are assumed constant. The concept of finite-time thermodynamics has been the subject of further studies within the literature. Rubin [29, 30] discussed that in practice there is often a trade-off between maximising thermal efficiency and maximising power, whilst Ondrechen et al. [31] and Wu [32] extended the analysis to consider heat reservoirs with finite heat capacities; both showed that these can have a large effect on thermodynamic performance. Furthermore, Ibrahim et al. [33] accounted for internal irreversibilities within the cycle; an idea that has also been explored by Chen [34] and Long and Liu [35] . Angulo-Brown [36] introduced the ecological criterion as an optimisation objective that targets a compromise between maximum power production and the minimum generation of entropy within the system. Overall, these studies demonstrate the potential of finite-time thermodynamics to assess heat engine performance without a detailed knowledge of the system. However, despite a few studies that compare these models to real thermodynamic cycles [37, 38] and heat recovery processes [39] , most studies are not related to physical systems. Moreover, the application of such models to TES systems has not been considered.
Within this work, a theoretical heat engine is considered that operates between a heat source and heat sink with defined inlet conditions ( i.e. , temperature T , mass-flow rate ˙ m and specific-heat capacity c p ), as depicted in Fig. 2 . The high-temperature and lowtemperature heat-exchange processes are assumed to be countercurrent, and experience a temperature reduction and increase respectively, whilst constant specific-heat capacities are assumed. The total power that can be produced for a given change in the heat-source temperature is given by:
where ˙ m h and c p ,h are the mass-flow rate and specific-heat capacity of the heat source, η is the thermal efficiency of the heat engine, and T hi and T ho are the heat-source inlet and outlet temperatures respectively.
To integrate Eq. (2) , an expression for the thermal efficiency η is required. One option is to use the Carnot efficiency ( η = 1 − T c /T h ).
However, as stated previously, this assumes infinite heat exchange processes. Instead, the efficiency for a heat engine with finite heat exchange processes will be applied ( Eq. (1) ). It is also noted from Fig. 2 that the heat-source and heat-sink temperatures vary throughout the heat-exchange processes. Applying an energy balance, the change in heat-sink temperature d T c can be calculated from:
where γ is the heat-capacity ratio,
The solution to Eqs. (1) -(3) results in an estimate for the power output from a heat engine, based on the heat-source inlet and outlet temperatures, T hi and T ho , the heat-sink temperature T ci and the heat-capacity ratio γ . Moreover, it follows that an optimal value for T ho exists, which can be reasoned by considering two limiting cases when γ = 1 . When T ho = T hi no heat is extracted from the heat-source and hence ˙ W = 0 . On the other hand, when T ho = T ci , all of the heat extracted from the heat source is transferred to the heat sink, and hence ˙ W = 0 . Therefore, an optimum occurs at d ˙ W / d T ho = 0 , and this will occur between the limits T hi > T ho > T ci . Within this study, the solution to Eqs. (1) -(3) is completed numerically, and the golden ratio search is used to find the optimal value of T ho .
Heat-engine model for a latent-heat source
For a latent-heat source, the solution is simpler since the heat source does not change temperature. A schematic of the theoretical latent-heat heat engine is shown in Fig. 3 . For this system, the power output is given by the following:
where all parameters have the same meaning as before, and η is defined by Eq. (1) . Integrating Eq. (4) , and assuming the heat engine extracts a certain amount of heat from the latent-heat store, ˙ Q h , which is at a constant temperature T h , the heat-sink outlet temperature is given by:
Thus, the amount of heat rejected to the heat sink, ˙ Q c = ( ˙ m c p ) c (T co − T ci ) , and power output from the heat engine, ˙
Ultimately, for a latent-heat source, ˙ W depends only on the available heat sink, and can be calculated based on the heat-sink inlet conditions, T ci and ( ˙ m c p ) c , the latent-heat source temperature, T h , and an assumed value for the heat extracted from the latent-heat source ˙ Q h .
Latent-heat thermal-energy storage model
Within this work, the performance of a heat engine coupled to latent-heat TES (HE-TES) will be investigated for a timevarying heat-source. The heat-source is assumed to have a constant specific-capacity, whilst the mass-flow rate and temperature are functions of time, denoted ˙ m h (t) and T t ( t ) respectively. To compare heat engines operating with and without latent-heat TES, the heat-engine model described in Section 2.1 is used to obtain the instantaneous power that could be obtained from the heat-source at a given time:
The maximum energy that could be extracted, E max , assuming that the heat engine adapts instantaneously to changes in the heat source can be obtained from:
where t 0 and t f are the start and end times respectively.
For the HE-TES system, the amount of heat absorbed by the TES is given by:
where T tes is the temperature of the thermal store, and T p is an assumed pinch point between the heat source and the TES at the exit of the TES system. In this analysis, it is assumed that the heat-transfer area between the heat source and TES material is sufficiently large such that T ho is approximately equal to T tes , with T p = 2 K . When operating with TES, the heat engine, in principle, operates under a steady state. Therefore, assuming that during the complete operating cycle of the system, all the heat that is absorbed from the heat source is subsequently extracted from the TES by the heat engine, the heat-transfer rate into the heat engine is calculated from:
from which ˙ W can be obtained using the model described in Section 2.2 . The total energy produced is then:
The performance of the HE-TES system can then be evaluated by normalising the total energy production by the maximum energy that could have been theoretically produced ( i.e., E / E max ).
Cascaded latent-heat thermal-energy storage systems
The model for a single-stage HE-TES system can be extended to cascaded HE-TES systems, by connecting multiple versions of the single-stage model together, as illustrated in Fig. 4 . In this case, the heat-source outlet conditions from the first stage feed into the second stage and so on for as many stages as required. From this, the total amount of heat absorbed by each stage, Q h, i , can be calculated using Eq. (8) , whilst the heat-transfer rate into the heat engine, ˙ Q h ,i , can be calculated using Eq. (9) . Then, starting at the last stage and working backwards, the heat-sink outlet temperature for each stage can be determined using Eq. (5) . To identify the optimal temperature of each TES stage (denoted with the non-dimensional 
, an optimisation can be completed, which is expressed as:
where ˙ W is the total power generated by the complete system, and can be calculated from:
and x is the vector of optimisation variables, denoted:
where n is the number of stages.
Validation of heat-engine models
The suitability of Eq. (1) to predict the efficiency of real heat engines has been demonstrated previously [40] . However, this is based only on the inlet temperatures of the heat source and heat sink. To conduct a more thorough investigation within this work, the models have been validated by comparing results to optimal organic Rankine cycle (ORC) systems identified from a cycle optimisation study. For this, a subcritical recuperated ORC is considered and for a given working fluid the condensation temperature, evaporation pressure and expander inlet temperature are optimised to maximise the net power output from the cycle. The assumptions for the ORC system are listed in Table 1 , whilst ORC cycle analysis is widely reported within the literature (see for example Ref. [41] ) and will not be discussed here. For a sensible heat source, the heat-source temperature drop is introduced as an optimisation variable. For the conditions listed in Table 2 the ORC optimisation is completed for 31 different fluids and the fluid with the highest power output is compared to the power output predicted by the heat-engine model. The results for the sensible-and latent-heat systems are shown in Figs. 5 and 6 .
For the sensible-heat systems ( Fig. 5 ) it is observed that for T hi > 450 K, and ( ˙ m c p ) c > 2 . 5 kW / K , the difference in the power output from the ORC system and that predicted by the heat-engine Table 2 Heat-source and heat-sink conditions considered for the validation study; ( ˙ m c p ) h applies only for the sensibleheat system and ˙ Q h applies only for the latent-heat system. model is less than 20%, relative to the heat-engine model. For lower heat-source temperatures a larger difference is observed, and at T hi = 373 K the optimal ORC systems only produce 50% of the power predicted by the heat-engine model. This is attributed to these ORC systems having low pressure ratios, which results in most of the heat-transfer within the cycle occurring under isothermal conditions, resulting in significantly larger exergy destruction compared to the heat-engine model. Small heat-sink heat-capacity rates correspond to larger deviations since these are associated with a larger heat-sink temperature rise, which increases the ORC condensation temperature and hence also increases exergy destruction. The non-continuous nature of Fig. 5 is attributed to the discrete nature of fluid selection. Referring to Fig. 6 , the same conclusions are found for the latent-heat comparison, although the deviation between the two models is much lower.
To investigate the sensitivity of the ORC optimisation study to the assumed component efficiencies a sensitivity study concerning the pump and turbine efficiencies and the recuperator effectiveness was carried out. The results are summarised in Table 3 . It is observed that the results are not significantly affected by the pump or recuperator effectiveness, with percentage deviations between -5.8% and +2.51% (neglecting the latent-heat ε r = 1 . 0 case which represents an impractical cycle). However, the results are more sensitive to the turbine efficiency, with a decrease or increase in turbine efficiency of 10% corresponding to percentage deviations in the ranges of -13.9% to -11.5% and +9.6% and +11.7% respectively. However, the standard deviations are small, indicating that this shift is relatively uniform across the different heat-source and heat sink conditions, as observed from the results shown in Fig. 7 . Moreover, from this figure it is observed that for a sufficiently large heat sink ( i.e. , ( ˙ m c p ) c = 10 kW / K ) the ORC power remains within ± 20% of the heat-engine model for the majority of the heat-source and heat-sink conditions. The same behaviour is observed in the equivalent plot for the latent-heat systems, but has not been reported for brevity. Overall, the validation study suggests that the sensible-and latent-heat heat-engine models provide a good indication of the power that could be obtained using an ORC system, provided that the heat-source temperature is sufficiently high and the heat sink is sufficiently large. It is worth noting that in most applications ( ˙ m c p ) c >> ( ˙ m c p ) h , whilst heat-source temperatures of 373 K are perhaps on the lower limit of economic viability for power generation. Thus, the model is deemed sufficient as a first-stage assessment.
A final validation study concerns cascaded HE-TES systems, in which the ORC optimisation study has been repeated for two-stage and three-stage TES systems, using the same inputs and assumptions defined in Tables 1 and 2 . The temperature of the first TES stage is set to θ 1 = 1 , whilst values for the second and third stages are varied within the range of 0.5 to 0.9. For the two-stage systems, the total heat-transfer rate is divided across the two-stages with different ratios, corresponding to 2:1, 1:1 and 1:2. For the three-stage systems, the total heat-transfer rate is divided across the three-stages with ratios of 1:1:1, 1:1:2, 1:2:1 and 2:1:1. The results from this study are reported in Fig. 8 . These results echo those observed for the single-stage systems, with low heat-source temperatures and low heat-sink heat-capacity rates corresponding to larger deviations. However, for sufficiently large heat sinks ( ( ˙ m c p ) c ≥ 5 kW / K ), and heat-source temperatures exceeding 373 K, the majority of the results agree within ± 10%. However, it is observed that the deviation appears to increase as the number stages is increased.
Case studies
Within this study, two case studies are considered. In the first, two mock heat-source profiles are constructed that are representative of potential applications where HE-TES systems may be installed. This allows the effect of the heat-source temperature and heat-capacity ratio on the optimal design and performance of the system to be studied in detail, which, in turn, provides insight into the general behaviour of these systems. In the second case study, the models are applied to real heat sources taken from the literature, and are therefore of direct industrial relevance.
Case study 1 definition
For this first cast study, the heat-source profiles shown in Fig. 9 have been defined. The first profile ( Fig. 9 a) represents a batch, or cyclic, process where the flow of waste heat is only available at certain points in time, but when it is, it is available at a constant temperature and mass-flow rate. This wasteheat stream is represented as a square signal, and is shown in a non-dimensional form so it can be applied to any arbitrarily defined heat-source mass-flow rate ( i.e. , ˙
av is the average, or steady-state, mass-flow rate). The second profile ( Fig. 9 b) represents a waste-heat stream that is varying periodically. Again, the mass-flow rate function is given in a nondimensional form, whilst the temperature fluctuation is defined as the difference between the heat-source temperature at a given time and the average, or steady-state, temperature ( i.e. , T h (t) = T h (t) − T h , av ). The heat-source profiles have been defined over a period of one hour, since, from a thermodynamic point of view, if the same heat source profile was imposed over the timescale of a few minutes or a few hours the normalised energy production ( i.e., E / E max ) would be the same. The timescale would affect the heat-transfer process within the latent-heat thermal-energy storage system, but this aspect is not considered within this study.
The performance of a HE-TES system will be evaluated for these two heat-source profiles for a range of heat-source and heat-sink conditions, as summarised in Table 4 . For each condition, the system performance can be evaluated for different TES tem peratures, Fig. 8 . Validation of the model for heat engines operating with cascaded TES: (a) and (b) refer to a two-stage cascaded systems; (c) and (d) refer to a three-stage cascaded system.
Table 4
Heat-source and heat-sink conditions for case study 1. 
Results for a 473 K heat source
The effect of θ tes and γ on the total energy produced by a HE-TES system operating with a 473 K heat source is considered first. In Fig. 10 a and Fig. 10 b the results for the two different heat-source profiles are normalised by E max, ∞ , which is the maximum energy that could be produced using a heat engine that adapts instantaneously to heat-source fluctuations and for which γ → ∞ ; this represents an estimate of the maximum energy that could be produced from the available waste-heat stream. In Fig. 10 c and Fig.  10 d, the results are normalised by E max , which is the maximum energy that could be produced using a heat engine that adapts instantaneously to heat-source fluctuations but with the same heatsink heat-capacity rate.
Referring to Fig. 10 , there exists an optimal temperature, θ tes , for a latent-heat TES system that results in the highest energy production. This optimum ranges between 0.35 and 0.6 depending on the type of heat source, and on γ , and exists because of the trade-off depicted in Fig. 1 . It is also noted that the total energy production for a HE-TES system is always less than an optimal heat engine that converts the waste heat into power directly. This is not surprising, and is the result of a number of effects. Firstly, for the heat to be transferred from the wasteheat source to the heat engine, the waste-heat source first transfers heat to the isothermal heat-storage medium, and then the isothermal heat-storage medium transfers heat to the heat engine; both of these heat-transfer processes are associated with an exergy loss, and hence a reduction in power output. This is further exacerbated by the isothermal nature of the storage medium. Secondly, the inclusion of a storage medium lowers the average Fig. 10 . Effect of the thermal-energy storage temperature θ tes and heat-capacity ratio γ on the energy produced from a HE-TES system for a heat-source temperature of 473 K. Plots on the left-hand side correspond to the cyclic heat source ( Fig. 9 a) and plots on the right-hand side correspond to the fluctuating heat source ( Fig. 9 b) .
temperature of heat addition into the heat engine, which lowers the heat engine thermal efficiency. This reduces the power output, but also subsequently increases the amount of heat rejected to the sink, and in turn increases the average temperature of heat rejection. These effects result in the total energy produced by the HE-TES system ranging between 30% and 60% of the total could theoretically be produced for an infinitely large heat sink, E max, ∞ . It is observed from Fig. 10 a and Fig. 10 b that the energy production from the HE-TS system reduces as γ reduces. Whilst this is true, these figures give a slightly skewed picture as all systems are compared to the heat engine operating with γ → ∞ . When comparing the HE-TES systems to heat engines operating with the same size heat sink ( Fig. 10 c and Fig. 10 d) , it is observed that the performance of the HE-TES system, relative to a heat engine operating with the same heat source and heat sink, actually improves as γ reduces. For example, for the cyclic heat source with γ = 5 it is predicted that an optimal HE-TES system would produce 60% of the energy that could be produced using a heat engine directly.
However, if γ reduces to unity it is predicted that the optimal HE-TES system would produce 80% of the energy that could be produced using a heat engine. In other words, these results suggest that HE-TES systems appear to be a more suitable option for applications where γ is low.
Finally, comparing the two different heat-source profiles, the optimal HE-TES systems for the cyclic heat source are associated with higher values of θ tes , and produce more energy than the systems for the fluctuating heat source. Moreover, the HE-TES system with the best relative performance is found for the cyclic heat source with γ = 1 . These results suggest that applications that involve a cyclic, or batch process, and have a limited heat sink available represent a promising area for HE-TES systems. Excluding this case, the remaining results are quite similar, which suggests that the optimal values of θ tes and E / E max, ∞ are more significantly affected by the heat-sink conditions ( i.e., γ ), than the variability of the heat-source.
Results for other heat-source temperatures
Extending the analysis to a wider range of heat-source temperatures, and in each case finding the optimal value for θ tes , the results shown in Fig. 11 are obtained. In Fig. 11 a and Fig. 11 b the optimal value for θ tes for different heat-source temperatures and heat-capacity ratios are shown, whilst in Fig. 11 c and Fig. 11 d the results for the normalised total energy production are shown.
The first observation is that the optimal value of θ tes , and the normalised energy production, both increase slightly as T h,av increases, but on the whole are not significantly affected by T h,av .
However, both are affected by γ . This reaffirms that the precise nature of the heat-source profile, and the average temperature of the heat-source, do not have a significant affect on the optimal operation of a latent-heat HE-TES system. Instead, the optimal system is largely dependent on the available heat sink.
The results from Figs. 10 and 11 show that, compared to a heat engine without TES that adapts instantaneously to changes in the heat source, employing latent-heat TES will lead to a reduction in the total energy that could be produced from the system. However, for the heat engine without TES to fully exploit all the available waste heat, it must be sized for the maximum power point. In comparison, for the HE-TES system, the heat engine operates in a steady state, and hence its rated power is lower. Moreover, operating at a steady state has advantages with regards to the required control strategy. Hence, it is interesting to compare the power ratings for the heat engines operating with and without TES, as shown in Fig. 12 .
For the cyclic heat-source profile the rated power of the HE-TES system ranges between 25% and 40% of the rated power of the optimal heat engine operating without TES, depending T h,av and γ .
For the fluctuating heat-source profile, the results show more variation, and range approximately between 30% and 60% of the optimal heat engine rated power. Therefore, it appears that implementing TES allows a significant reduction in the power rating of the heat engine; however, it should be remembered that this is Fig. 11 . Optimal latent-heat thermal-energy storage systems for different heat-source temperatures, T h,av and heat-capacity ratios γ , shown in terms of the optimal TES temperature and normalised energy production. Plots on the left-hand side correspond to the cyclic heat source ( Fig. 9 a) and plots on the right-hand side correspond to the fluctuating heat source ( Fig. 9 b) . Fig. 12 . Comparison between the power rating of the required HE-TES system, ˙ W tes , and the power rating of an optimal heat engine operating without TES that adapts instantaneously to the heat-source conditions, ˙ W max . Plots on the left-hand side correspond to the cyclic heat source ( Fig. 9 a) and plots on the right-hand side correspond to the fluctuating heat source ( Fig. 9 b) . associated with a reduction in the overall energy that can be produced ( Fig. 11 c and Fig. 11 d) .
For the cyclic heat-source profile, it is observed that power ratings are not affected by T h,av , but are affected by γ , which is in line with the findings previously discussed. For the fluctuating heatsource profile, there is slightly more variation in the results. In particular, as T h,av reduces to below 500 K, the relative power rating of the heat engine within the HE-TES systems reduces relatively rapidly. By way of example, consider the results for T av equal to 423 K and 673 K with γ = 1 . For the 673 K case the HE-TES system produces around 70% of the maximum energy that could be produced ( Fig. 11 d) , whilst the relative power rating of the system is 60%. In comparison, for the 423 K case, the HE-TES produces around 65% of the maximum energy that could be produced, whilst the relative power rating is reduced to 45%. Similar results are observed for larger heat-capacity ratios, although the results are less significant. This suggests that low-temperature, fluctuating heat sources offer the largest potential in terms of downsizing the heat engine.
Wider economic perspectives
Considering Figs. 11 and 12 it appears that, in applications with a high average heat-source temperature and low heat-sink availability, a HE-TES system could generate a large proportion of the maximum energy that is available. However, these systems need to be sized with a relatively large power rating to achieve this energy production. The two factors of total energy production and power rating are linked, since a heat engine with a higher power rating that operates under a constant, full-load condition, will generate more energy over its lifetime. However, the question arises whether downsizing the system and installing TES represents a more economic option than installing a heat engine that is rated for the maximum power point and is adequately controlled such that it effectively tracks the changes in the heat-source conditions. The total energy production is linked to the revenue that can be generated over the systems lifespan, whilst the power rating is linked to the capital costs associated with the installation, operation and maintenance of the system. These two factors can be linked by considering the payback period, defined as:
where PB is the payback period, C 0 is the total investment cost, P is the revenue per year, SIC is the system specific investment cost (in £/kW), n is the number of operational hours and C e is the net profit per kWh of electricity generated. If SIC, n and C e are assumed constant, it follows that PB ∝ ˙ W /E. Hence, the ratio ˙ W /E is useful as a preliminary assessment of economic performance.
For the HE-TES systems, ˙ W /E = 1 , since the heat-source profiles are defined for the duration of one hour, whilst the heat-engine is assumed to operate under a constant, full-load condition for the entire duration. For the optimal heat engine for the cyclic heat source, ˙ W /E = 2 , since the heat engine is sized for the maximum power point ( i.e. , ˙ m h = 1 kg / s ), but only generates power half of the time. For the fluctuating heat source, the results for the optimal heat engines sized for the maximum power point and operating without TES are shown in Fig. 13 . From this, it is observed that ˙ W /E ranges between approximately 1.2 and 1.7 kW/kWh and is strongly dependent on the average heat-source temperature. However, the results are not significantly affected by γ , which means the effects shown in Figs. 11 d and 12 effectively cancel out. The results in Fig. 13 suggest that for the fluctuating heat source, if SIC, n, C e are assumed constant, the payback period for the optimal heat engines will be between 1.2 and 1.7 times larger than the payback for the HE-TES systems. For the cyclic heat source, for which ˙ W /E = 2 , the optimal heat engines will have twice the payback period of the HE-TES systems. However, in reality the HE-TES system will have a larger SIC than the optimal heat engines, due to the cost of the TES system and the additional infrastructure required to couple the TES system to the heat engine and heat source. Therefore, Eq. (15) can be rearranged to calculate how much larger the SIC for the HE-TES can be in order to obtain Fig. 13 . Effect of T h,av and γ on the ratio of system power rating to energy produced, ˙ W /E, for an optimal heat engine operating without TES that adapts instantaneously to the heat-source conditions. the same payback:
Referring back to Fig. 13 , it follows that the SIC for the 373 K HE-TES systems should be kept below 1.7 times the SIC for the optimal heat engine, whilst for the 673 K it should be kept below 1.2 times the SIC for the optimal heat engine. If the SIC of the heat engine in either case is assumed equal, it follows that for the 373 K and 673 K cases, the total cost of the TES system should not exceed 70% and 20% of the total cost of the heat engine unit, respectively, for the HE-TES system to obtain the same payback period. For the cyclic heat source, the total cost of the TES system should not exceed the cost of the heat engine.
Results for cascaded systems
A preliminary investigation into cascaded systems has been completed for the fluctuating heat source with T h , av = 473 K and γ = 5 . In Fig. 14 a, the effect of the TES temperatures on the total energy production from a two-stage TES system is shown, from which it is observed that at θ 1 = 0 . 3 and θ 2 = 0 . 6 maximum energy is produced, and this is approximately 70% of the maximum that could be obtained using an optimal heat engine without TES. The effect of the number of stages on the maximum power that can be generated is shown in Fig. 14 b . These results show that increasing the number of stages leads to a larger total energy production, although after a number of stages, the relative improvement is diminished.
The results for cascaded systems have been included to demonstrate the potential of the method developed within this paper to simulate cascaded TES systems. As such, it is noted that introducing cascaded systems is likely to improve thermodynamic performance, but it is acknowledged that this will introduce more 15 . Industrial waste-heat streams, taken from Ref. [23] , defined by the heat-source temperature (a-c) and mass-flow rate (d-f): (a) and (d) refer to a steel billet reheating furnace [22] ; (b) and (e) refer to a clinker cooler [42] ; (c) and (f) refer to an electric-arc furnace [43] .
complexity into the design of the system and increase the power rating of the heat engine; both of which have implications in terms of the system economics. A more detailed investigation into cascaded systems is left for future investigations.
Case study 2: Practical case studies
For the second case study, the developed model will be applied to real waste-heat streams studied within the literature. The waste-heat streams in question are shown in Fig. 15 . This data been extracted from Ref. [23] , but originally relate to studies on three different industrial processes [22, 42, 43] . From left to right, the heat sources will be referred to as heat-source 1, 2 and 3 respectively. For each heat source, the analysis completed for case study 1 has been repeated to evaluate the performance of a HE-TES system. More specifically, this involved a parametric investigation into the effects of θ tes and γ on the performance of the system. It is again assumed that the heat-sink is available at a temperature of T ci = 288 K .
For brevity, the results from this study are not shown graphically here as the results are almost identical to those reported in Fig. 10 , and are very similar for all three heat sources. When comparing the optimal value for θ tes for each case it is found that the optimal values for the γ = 1 cases range between 0.37 and 0.39, whilst the optimal values for the γ = ∞ range between 0.57 and 0.60. The corresponding normalised energy production values ( E / E max ) range between 0.68 and 0.72 for the γ = 1 cases, and 0.52 and 0.55 for the γ = ∞ cases. Ultimately, this, alongside the similarity between these results and those reported in Fig. 10 , suggests that the results within this study are broadly applicable to any HE-TES system, and can inform the selection of a suitable value for θ tes for any waste-heat stream. This can be confirmed by combining the results from case study 1 and case study 2; the optimal values of θ tes for every combination of heat source and heat-capacity ratio are summarised in Fig. 16 , alongside the normalised energy production ( E / E max ). In this figure, case study 1(a) and 1(b) refer to the cyclic and fluctuating heat-source profiles respectively. Ultimately, the very small spread in the optimal value θ tes , particularly for case studies 1(b) and 2, confirms the validity of extrapolating these results to other heat-sources. This result is particularly encouraging given the relatively large variability in the average values and range for both T h,av and ˙ m h , av that have been considered within this study. To conclude the second case study, the power ratings for the optimal HE-TES systems for each heat source have been compared to the power rating required for an optimal heat engine without TES ( Fig. 17 a) . Moreover, the ratio, ˙ W /E, has been shown for the three different heat sources. It should be noted that unlike the heat source considered in case study 1, the heat source in case study 2 are defined over longer periods of time than an hour. Therefore, to be consistent with the results presented in Fig. 13 , the energy production used in Fig. 17 b is the average energy production per hour. In summary, the results in Fig. 17 a echo the findings from case study 1. This it to say, as γ increases, the power rating of the HE-TES system is reduced, relative to the size of the optimal heat engine operating without TES. Moreover, for all cases apart from the γ = 1 case for heat-source 1, the ratio of the power rating of the optimal heat engine, to the total energy produced per hour is greater than 1.5 kW/(kWh h −1 ), suggesting that if the cost of the TES system does not exceed 50% of the total cost of the heatengine unit, the HE-TES system should achieve the same, if not lower, payback period than an optimal heat engine that is rated for the maximum power point and is capable of effectively tracking the heat-source variability.
Conclusions
Within this paper, a new method to provide fast and accurate estimates of the performance of heat engines coupled to latentheat thermal-energy storage (HE-TES) for waste-heat recovery applications has been presented. The method can identify the optimal temperature of the latent-heat TES systems based only on the heat-source and heat-sink conditions, and can evaluate single-stage and cascaded TES systems. Validation of the model against optimal organic Rankine cycle systems shows that for sufficiently large heat sinks ( i.e. , ( ˙ m c p ) c / ( ˙ m c p ) h ≥ 5 ) and heat-source temperatures exceeding 373 K, the results agree to within ± 10 %. After apply-ing the method to a range of waste-heat streams, the following conclusions are made:
• For a given application there exists an optimal latent-heat TES temperature. The optimal non-dimensional temperature, θ tes = (T h , av − T tes ) / (T h , av − T ci ) , is not significantly affected by the heat-source temperature, but is affected by the size of the heat sink, ranging between 0.36 and 0.46 for ( ˙ m c p ) c = ( ˙ m c p ) h , and 0.53 and 0.60 for ( ˙ m c p ) c → ∞ .
• The normalised energy production, E / E max , reduces as the size of the heat sink increases, ranging between 0.62 and 0.85 for ( ˙ m c p ) c = ( ˙ m c p ) h , and 0.47 and 0.55 for ( ˙ m c p ) c → ∞ . This suggests applications with relatively small heat sinks could be optimal candidates for HE-TES systems. • The power ratings for HE-TES systems range between 25% and 60% of the power ratings for optimal heat engines operating without TES that accurately track waste-heat fluctuations, and are associated with a reduction in the total energy production that ranges between 45% and 85% respectively. • A preliminary economic evaluation has been completed to predict the maximum allowable cost for the TES system to obtain the same payback period as an optimal heat engine operating without TES. For case study 2, it is found that if the cost of the TES system does not exceed 50% of the cost of the heat-engine unit, the HE-TES systems could achieve a similar, if not lower, payback period.
Overall, cyclic processes with only small heat sinks available appear to be a favourable application for HE-TES systems. However, the small deviation between the results obtained for each heat source suggests that the results are broadly applicable to most heat-source profiles. This gives good confidence in the validity of extrapolating the results to other heat-sources that have not been considered within the current study.
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